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Abstract 
This study aims to investigate whether severe hypoxia and malnutrition in scar tissue 
play key roles to induce hypertrophic scar regression. And scar-derived fibroblasts 
were treated with moderate/severe hypoxia and malnutrition to model condition of 
proliferative and regressive scar (5%O2+5%FCS, 0.5%O2+0.5%FCS), and normoxia 
with well-nutrition as control (10%O2+10%FCS). Our results demonstrated that 
severe hypoxia and malnutrition resulted in significantly reduced cell viability and 
collagen production, as well as HIF-1, VEGF, TGF-β1 and Bcl-2 protein expression 
when compared to control, and cell apoptosis occurred. Therefore, the severe hypoxia 
and malnutrition in scar tissue contribute to fibroblast inhibition and cell apoptosis, 
which is correlated with scar regression. 
 
Key words: Hypoxia; Malnutrition; Fibroblast; Cell viability; Total collagen; Cell 
apoptosis  
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Introduction 
Hypertrophic scar is a clinical problem which not only causes undesirable appearance 
and functional loss, but also lack effective treatments to prevent its formation and 
recurrence. However, hypertrophic scars eventually undergo automatic regression in 
the absence of treatment. This implies that during scar development, some factors 
have newly occurred and then inhibits scar formation and trigger scar regression.  At 
present, no studies have been published on which factors may be responsible for scar 
regression.  
Initial clinical presentation of hypertrophic scars is marked by slight redness and 
limited tissue elevation which develops to intensified redness and increased thickness. 
As the scar regresses, it changes colour to purple and then gradually fades. The skin 
colour change reflects variations in blood supply during scar development
 [1-3]
. 
Pathological studies on human hypertrophic scar tissue have revealed that most of the 
microvessels are partially or completely occluded before scar regression 
[4,5]
, which 
suggests that microvessel occlusion may correlate with scar regression.  
Microvessels play a crucial role in carrying oxygen and nutrition to the cells of a 
tissue, therefore occlusion may lead to hypoxia and malnutrition in an affected tissue. 
Our previous results demonstrated that during scar development, there was moderate 
hypoxia (30.2 ± 6.1 mmHg) in proliferative scars and severe hypoxia in the regressive 
stage (6.9 mmHg ± 2.1 mmHg) when compared to normal skin (75.3 mmHg ± 10.1 
Page 3 of 26
Wound Repair and Regeneration
Manuscript under review - CONFIDENTIAL
This article is protected by copyright. All rights reserved.
4 
 
mmHg)
 [6]
, which is equivalent to 5% O2 in proliferative scars and 0.5% O2 in the 
regressive stage (contrast to atmosphere 760 mmHg), and 10% O2 in normal skin 
[7]
. 
Accordingly, the nutrition could also be reduced proportionally with oxygen when 
blood supply limited, although nutrition was often neglected in previous study. It has 
been reported that hypoxia could promote collagen production in systemic sclerosis 
and renal fibrosis 
[8, 9]
, and malnutrition has been reported to induce growth 
impairment and cell apoptosis in a variety of cell types like murine fibroblasts, HeLa 
cells and lymphocytes 
[10-13]
. However, whether the severe hypoxia and malnutrition 
in hypertrophic scar could induce fibroblast inhibition and initiate scar regression, it 
remains unknown. 
In order to investigate hypoxia and nutritional effects on the fibroblast, hypoxia as 5% 
and 0.5% O2 in proliferative and regressive scar were used, and 10% O2 in normal 
skin as control. In addition, fetal calf serum (FCS) was employed for nutritional study, 
as 10% FCS is a representative of a well-nourished condition for fibroblasts 
[14]
, thus 
5% and 0.5% FCS were designed to represent the nutrition in both scars. Therefore 
5%O2+ 5% FCS and 0.5% O2+ 0.5% FCS represented the oxygen and nutrition in 
proliferative and regressive scar respectively, 10%O2+ 10% FCS represented normal 
skin. Because the scar formation and regression is a chronic process, so we treated the 
fibroblast for 96h, differing from the acute hypoxia with 24h or 48h. Then the cell 
viability, collagen production and cell apoptosis, as well as protein expression of 
hypoxia induced factor-1 (HIF-1), VEGF, TGF-β1, Bcl-2 and p53 were investigated 
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post treatment.  
Material and methods 
Culture of scar fibroblast cells and hypoxia treatment 
Hyperpertrophic scar-derived fibroblasts (HSF) were purchased from Cell Research 
Corporation, Singapore. These cells were routinely cultured in Dulbecco’s Modified 
Eagle’s Medium (Invitrogen, Mulgrave, Australia) containing fetal calf serum (FCS) 
(10%; Hyclone, Scoresby, Australia), penicillin (100 U/mL), streptomycin (100 U/mL) 
and L-Glutamine (2 × 10
3
 M). The cells were maintained in a humidified atmosphere 
of 5% CO2 at 37 with media being replaced every 3 days and the cells were used at 
passages 3-6. 
The hypoxia treatment was exclusively used with hypoxia incubators, which could 
regulate the oxygen level automatically according to oxygen setting. During hypoxic 
treatment, the culture medium does not change. 
Cell treatment under hypoxia and malnutrition 
Cultured HSF cells were seeded at a density of 5000 cells/250 ul into 48-well plates 
(In Vitro Technologies, Noble Park, Australia) with serum free medium for 24 hours, 
and then were treated with following design: first part, the cells were changed with 
10%FCS medium and treated with 10% O2, 5%O2 and 0.5%O2 respectively, in order 
to examine the effect of different hypoxia on cells. Second part, the cells were 
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changed with 10%FCS, 5%FCS and 0.5%FCS medium and exposed to 21%O2 only, 
in order to examine the effect of different FCS on cells. Third part, the cells were 
treated with 10%O2+10%FCS, 5%O2+5%FCS and 0.5%O2+0.5%FCS respectively, 
in order to examine the effect of both hypoxia and FCS on cells. After 96 h cell 
culture, took out the plates for cell viability and total collagen detection. 
Cell viability assessment 
The cell viability was detected with alamarBlue® (Invitrogen, CA, USA). In brief, the 
cells were washed twice with PBS prior to addition of 150 µl alamarBlue® solution 
which was diluted 1:100 with DMEM before addition to the wells. The cultures were 
incubated with the alamarBlue® solution at 37 °C for 1 hour before 100 µl of culture 
solution was transferred into a black 96-well plate (Nunc) and fluorescence was 
measured using a Polar star optima microplate system (Optima, Victoria, Australia).  
Analysis of total collagen production  
The total collagen was detected with Sirius red (Sigma-Aldrich, Louis, MO, USA). In 
brief, 0.1% v/v of Sirius red was added to each well of the culture plate, incubated for 
90 minutes, washed with water and dried overnight. The cell photos were documented 
using digital photography (Nikon Coolpix 4500, Nikon, Lidcombe, Australia). 
Subsequently, 200 µl of 0.1 M NaOH was added to each well to dissolve the cells, 
then 50 µl of the suspension was transferred to a black 96-well plate (Nunc) for 
measuring fluorescence as described above.  
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Western blotting for HIF-1α, VEGF, TGF-β1 and Bcl-2 and p53 protein 
expression 
HSF cells were seeded at a density of 2×10
5
 cells/8ml into 75cm
2
 flasks (In Vitro 
Technologies, Noble Park, Australia) with serum free medium for 24 hours, and then 
were treated with followed design: first part, the cells were changed with 10%FCS 
medium and treated with 10% O2, 5%O2 and 0.5%O2 respectively, in order to 
examine the effect of different hypoxia on cells. Second part, the cells were treated 
with 10%O2+10%FCS, 5%O2+5%FCS and 0.5%O2+0.5%FCS respectively, in order 
to examine the effect of different hypoxia and malnutrition on cells. After 96 h cell 
culture, the cultures were terminated and protein was extracted for subsequent western 
blotting experiments. 
Total protein was extracted from the cytoplasmic and nuclear fractions using the 
Qproteome Mammalian protein kit (Qiagen, Victoria, Australia), and western blotting 
was performed following the manufacturer’s instructions. Briefly, the membranes 
were incubated with primary antibody at 1:5000 dilutions overnight (HIF-1α, VEGF, 
TGF-β1, p53 and β-actin mouse monoclonal antibody and Bcl-2 rabbit monoclonal 
antibody, Novus Biologicals, Littleton, CO, USA), followed by incubation with the 
secondary peroxidise-conjugated antibody for 1.5 hours (mouse or rabbit secondary 
antibody, Novus Biologicals). Band intensity was determined using Quantity One® 
software (BioRad, California, USA) and the resulting protein expression data was 
normalised to the β-actin loading control. 
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TUNEL assay for detection of apoptosis under hypoxia and malnutrition  
HSF cells were seeded at a density of 5000cells/250ul glass 8-well chamber slides 
(BD Biosciences, Bedford, MA, USA) with serum free medium for 24 hours, and 
were then treated with the design as western blotting. After 96 h cell culture, took out 
the chamber for tunnel assay as follows. 
Briefly, HSFs cultured on the chamber slides were fixed in 4% paraformaldehyde, and 
permeabilised in 0.2% Triton X100/PBS. The slides were incubated with 50 µl 
TUNEL reaction mixture and then mounted using SlowFade Gold antifade reagent 
(Invitrogen, Victoria, Australia) with added 4’,6-diamidino-2-phenylindole (DAPI), a 
nuclear stain (Invitrogen, Victoria, Australia). A Nikon Eclipse TE2000-U 
fluorescence microscope (Nikon, Melville, NY, USA) was used to visualize and 
photograph the cells. Live cells were observed as blue, while apoptotic cells were 
observed as green. The results were expressed as the number of apoptotic cells as a 
percentage of total cells, calculated as an average of 6 optical fields per sample.  
 
Statistical analysis 
Each experiment was repeated five times. All the data were presented as a mean ± 
standard error and assessed for significance with analysis of variance (ANOVA) 
followed by student’s test. A probability value < 0.05 was considered significant. 
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Results  
Severe hypoxia and malnutrition inhibited cell viability  
To investigate the effect of differing O2 concentrations on cell viability, the cells were 
cultured in the presence of 10% FCS for 96 hours. The results revealed that, with the 
oxygen decrease, the cell viability subjected to a gradual increase at 5%O2 
(14554±1899) and 0.5%O2(15535±1903), which had significance when compared 
with 10%O2 control (11000±1315, p＜0.05) (Fig 1a). In addition, HSFs were 
cultured in the presence of 10%, 5% or 0.5% FCS under normoxic conditions (21% 
O2) to investigate the effect of malnourishment on cell viability. The results revealed 
that, with the decrease of FCS, the viability had a little reduction at 5%FCS (9827± 
1201, p＞0.05), and reduced significantly at 0.5%FCS when compared with 10% FCS 
control (11111±1008, 4329±384;  p＜0.05) (Fig 1b). Finally, the synergistic effect 
of both hypoxia and malnourishment on HSF ability was examined by culturing the 
cells in either 5% FCS + 5% O2 or 0.5% FCS + 0.5% O2. The results revealed that, 
with decrease of oxygen and FCS, the cell viability increased evidently in 
5%O2+5%FCS (13290 ± 1500) when compared with 10%O2+10% FCS 
control(11000 ± 1306, p ＜ 0.05), however it dropped markedly at 
0.5%O2+0.5%FCS(6999±765, p＜0.05) (Fig 1c), indicating that severe malnutrition 
could reverse the effect of increasing viability in severe hypoxia.  
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Together, these results suggest that moderate hypoxia and malnutrition could increase 
cell viability. However severe hypoxia and malnutrition collectively inhibit cell 
viability and the malnutrition play a more important role than hypoxia.  
Severe hypoxia and malnutrition inhibited total collagen production  
The Sirius red assay was used to investigate total collagen production by HSFs 
cultured in the presence of hypoxia, malnourished conditions or both (Fig 2). First, 
when the cells cultured in the presence of 10%FCS, with the decrease of oxygen, the 
total collagen increased significantly at 5%O2 when compared with 
control(0.041±0.011, 0.063±0.019 p＜0.05), and then surprisingly reduced at 0.5%O2 
(0.028±0.001, p＜0.05) (Fig 2a). Next, when the cells cultured under normoxic 
condition, with decrease of FCS, the total collagen had a little decrease at 5%FCS 
when compared with control (0.036±0.004, p＞0.05), and reached to lowest level at 
0.5%FCS(0.017±0.002, p＜0.05) (Fig 2b). Finally, when the cells cultured with 
decrease of both oxygen and FCS, the total collagen increased markedly at 
5%O2+5%FCS (0.051±0.005, p＜ 0.05), and then reduced sharply at 0.5% 
O2+0.5%FCS (0.015±0.002) when compared with control (0.039±0.004) (Fig 2c, d). 
Together, these results suggest that moderate hypoxia and malnourishment could 
increase collagen production. However severe hypoxia and malnourishment, both 
alone and synergistically, inhibit HSF collagen production. 
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Severe hypoxia and malnutrition inhibited HIF-1, VEGF, TGF-β1, Bcl-2 protein 
expression, but increased p53 protein expression 
Cultures of HSFs were grown under hypoxic or malnourished, or both hypoxic and 
malnourished conditions to investigate the effects on HIF-1α, VEGF, TGF-β1, Bcl-2 
and p53 protein expression. Under well-nourished but hypoxic conditions, with 
decrease of oxygen, the expression of HIF-1, VEGF and TGF-β1 increased 
significantly (p＜0.05) at 5%O2 compared with control, and even further increased at 
0.5%O2(p＜0.05). For the apoptosis related genes, P53 and BCL-2 expression also 
increased significantly at 5%O2(p＜0.05) and 0.5%O2 (p＜0.05; Fig 3a,c). 
With decrease of both FCS and oxygen, the expression of HIF-1, VEGF, TGF-β1and 
BCL-2 increased significantly at 5%O2+5%FCS (p＜0.05) when compared with 
control, but reduced sharply at 0.5%O2+0.5%FCS with significance (p＜0.05). 
However, P53 expression exhibited the reverse tendency and increased surprisingly at 
0.5%O2+0.5%FCS (p＜0.05), contrary to BCL-2 expression (Fig 3b,d). 
Take together, the moderate and severe hypoxia promoted the expression of HIF-1, 
VEGF, and TGF-β1, as well as BCL-2 expression in the well-nourished condition. 
However, they could be aborted when severe malnutrition available, exceptionally for 
P53 expression. 
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Severe hypoxia and malnutrition induced cell apoptosis 
Cell morphology and apoptosis was assessed in vitro after subjecting HSFs to hypoxia, 
or both hypoxia and malnourishment. The results showed that the presence of 
moderate hypoxia (5% O2 and 10% FCS) and severe hypoxia (0.5% O2 and 10% FCS) 
did not stimulate apoptosis in HSFs (Fig. 4a, b). However, HSFs cultured under 
moderate hypoxic and malnourished conditions (5% O2 and 5% FCS, 2.5 ± 0.9%) 
appeared to have a little more apoptosis than control group (10%O2 and 10% FCS, 
1.1 ± 0.5%), but had no significance( p＞0.05). However, severe hypoxia and 
malnourishment (0.5% O2 and 0.5% FCS) stimulated apoptosis significantly(13.2 ± 
4.1%, p＜0.01), which could be observed by light microscopy (Fig. 4c) and the 
TUNEL assay (Fig. 4d). Taken together, these results suggest that obvious apoptosis 
could be triggered only under severely hypoxic and malnourished conditions.  
 
Discussion 
Usually, cell biological processes are largely regulated by the tissue 
micro-environment 
[15]
. Importantly, the tissue microenvironment receives 
blood-derived nutrients and O2 from the surrounding vasculature which is necessary 
for maintenance of cellular homeostasis 
[16]
. Thus the microvessel occlusion in 
hypertrophic scar will have a large impact on the fibroblast biology. 
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Fu et al. (2011) cultured stem cells in vitro under 2% O2 and serum-deprived 
conditions to mimic ischemic conditions in vivo 
[17]
. The authors reported that these 
ischemic, malnourished conditions promoted stem cell apoptosis, however, the extent 
of apoptosis was greater in serum deprivation alone than hypoxia alone
 [17]
. Our 
results revealed that moderate hypoxia (5% O2) and malnutrition (5%FCS) increased 
cell viability and collagen production, however severe hypoxia (0.5% O2) and 
malnutrition (0.5%FCS) collectively reduced collagen production, cell viability, and 
induced cell apoptosis. Therefore, the malnutrition can’t be ignored in hypertrophic 
scar research, it plays important role as hypoxia to regulate the fibroblast biology. 
It is a commonly accepted theory that hypertrophic scars formation in humans in part 
due to excessive collagen production by highly active fibroblasts. In our experiment, 
human HSFs treated with severe hypoxia produced significantly less collagen than 
moderate hypoxic cells, which is contrary to previous results that hypoxia could 
enhance collagen production 
[8, 9]
. The reasons probably lies in two parts: first, the key 
enzymes for collagens synthesis, prolyl 4-hydroxylases, are oxygen dependent 
[18]
, the 
extreme low oxygen inversely blocks collagen production. In addition, we used 96h 
for cell culture in order to model the chronic hypoxia, the long term hypoxia stress 
probably resulted in increased susceptibility to enzymic degradation and reduced total 
collagen production 
[19]
. Apart from hypoxia, severe malnutrition was revealed to 
reduce the collagen production definitely, and both severe hypoxia and malnutrition 
collectively block collagen production. Qin etc found that the mRNA expression of 
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collagen Ⅰand Ⅲ reduced markedly in fibroblast from regressive scar [20], which is 
probably correlated with the inhibition of severe hypoxia and malnutrition. 
In addition, increased cellular viability and decreased apoptosis are thought to be 
factors contributing to hypertrophic scar formation. Our results demonstrated that 
moderate hypoxia (5% O2) and severe hypoxia (0.5% O2) could increase cell 
viability, which is correlated with higher expression of HIF-1. As well known, HIF-1 
is activated under hypoxia stress and plays a central role for cell survival 
[21, 22]
. It can 
activate many genes transcription such as TGF-β1 and VEGF 
[23, 24]
, which are 
involved in angiogenesis and collagen production and promote hypertrophic scar 
formation. Meanwhile, Bcl-2 expression also increased. Yang proved that bcl-2 
signalling was HIF-1α-dependent and could attenuate ischemia/reperfusion induced 
oxidative injury 
[25]
.  
However, the expression of HIF-1 and VEGF and TGF-β1 could be aborted by severe 
malnutrition. The reasons probably lie in two parts. First, it has been revealed that the 
activation of HIF-1 could stabilize p53 by cross-talk with HIF-1, P53 accumulation 
could inversely repress HIF-1 activity by competing to bind with p300 
[26]
, and 
destabilizes HIF-1α and reduces its expression 
[27]
, eventually contribute to 
p53-mediated cell apoptosis
[28]
. Second, much of protein synthesis for cell viability 
requires enough nutrition, lack of nutrition could block this process 
[29, 30]
. Our 
previous study also revealed that the expression of HIF-1 and VEGF and TGF-β1 
reduced in regressive scar tissue, which is in accordance with this in vitro study 
[6, 20]
.  
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From the data reported herein, it appears that severe hypoxia and malnutrition not 
only contribute to the inhibition of collagen production, but also reduces HIF-1, 
TGF-β1, VEGF expression and cell viability. In addition, this extreme condition is 
seemingly necessary to induce highly active, tumour like cells undergoing apoptosis. 
To date, although many hypertrophic scar treatment modalities have been developed 
with varying degree of success, compression therapy has long been a standard 
treatment for hypertrophic scar prevention 
[31]
, perhaps the key mechanism underlying 
this treatment is also related to severe hypoxia and malnutrition caused by the tropic 
pressure.  
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Figure legend 
Figure 1. Cell viability was reduced in the presence of severe hypoxia and 
malnutrition  
Human scar derived fibroblasts (HSFs) were cultured in 10% FCS at 10% and 5% and 
0.5% O2, mimicking hypoxic conditions (a). The HSFs were grown in 10% and 5% 
and 0.5% FCS to stimulate malnourishment (b) and cultures of HSFs were also treated 
with 5% O2 + 5% FCS or 0.5% O2 + 0.5% FCS in order to mimic both hypoxia and 
malnourishment (c). After 96 hours culture, cell viability was analysed using the 
alamarBlue® (Invitrogen) assay. Significant differences (p < 0.05) between treatment 
groups are indicated by the *. 
Figure 2. Cellular total collagen was reduced in the presence of severe hypoxia 
and malnutrition  
Human scar-derived fibroblasts (HSFs) were cultured for 96 hours under hypoxic (a), 
malnourished (b) or both hypoxic and malnourished (c, d) conditions. Following 
treatment, total collagen produced by the HSFs was assessed using the Sirius red 
(Sigma-Aldrich) assay.  Statistical significance (p < 0.05) is indicated by the *. 
Figure 3. Severe hypoxia and malnutrition reduced HIF-1, VEGF, TGF-β1 and 
BCL-2 protein expression but increased P53 protein expression (n=8). 
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Total cellular protein was extracted and subjected to western blotting for HIF-1α, 
VEGF, TGF-β1, Bcl-2, p53 and β-actin from human scar-derived fibroblasts (HSFs) 
cultured for 96 hours under hypoxic (a) or hypoxic and malnourished (b) conditions. 
Band intensity from the western blots was determined and normalised to the β-actin 
loading control. Significant differences in protein expression were observed in 
hypoxia-treated HSFs (c). However HSFs cultured under severe hypoxic and 
malnourished conditions expressed significantly lower amounts of HIF-1, VEGF, 
TGF-β1 and Bcl-2 protein and significantly more p53 protein (d). Statistical 
significance (p < 0.05) is indicated by the * 
Figure 4. Severe hypoxia and malnutrition induced cell apoptosis in human 
scar-derived fibroblasts. 
Cellular morphology was determined by culturing human scar-derived fibroblasts 
(HSFs) under hypoxic, malnourished or both hypoxic and malnourished conditions (a, 
c). Apoptosis was also investigated using the TUNEL assay after treatment with the 
same conditions (b, d). Nuclei of apoptotic are stained green and indicated by the 
arrows, whereas all other nuclei are stained blue and the scale bar represents 50 µm.  
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Figure 1. Cell viability was reduced in the presence of severe hypoxia and malnutrition  
Human scar derived fibroblasts (HSFs) were cultured in 10% FCS at 10% and 5% and 0.5% O2, mimicking 
hypoxic conditions (a). The HSFs were grown in 10% and 5% and 0.5% FCS to stimulate malnourishment 
(b) and cultures of HSFs were also treated with 5% O2 + 5% FCS or 0.5% O2 + 0.5% FCS in order to mimic 
both hypoxia and malnourishment (c). After 96 hours culture, cell viability was analysed using the 
alamarBlue® (Invitrogen) assay. Significant differences (p < 0.05) between treatment groups are indicated 
by the *.  
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Figure 2. Cellular total collagen was reduced in the presence of severe hypoxia and malnutrition  
Human scar-derived fibroblasts (HSFs) were cultured for 96 hours under hypoxic (a), malnourished (b) or 
both hypoxic and malnourished (c, d) conditions. Following treatment, total collagen produced by the HSFs 
was assessed using the Sirius red (Sigma-Aldrich) assay.  Statistical significance (p < 0.05) is indicated by 
the *.  
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Figure 3. Severe hypoxia and malnutrition reduced HIF-1, VEGF, TGF-β1 and BCL-2 protein expression but 
increased P53 protein expression (n=8).  
Total cellular protein was extracted and subjected to western blotting for HIF-1α, VEGF, TGF-β1, Bcl-2, p53 
and β-actin from human scar-derived fibroblasts (HSFs) cultured for 96 hours under hypoxic (a) or hypoxic 
and malnourished (b) conditions. Band intensity from the western blots was determined and normalised to 
the β-actin loading control. Significant differences in protein expression were observed in hypoxia-treated 
HSFs (c). However HSFs cultured under severe hypoxic and malnourished conditions expressed significantly 
lower amounts of HIF-1, VEGF, TGF-β1 and Bcl-2 protein and significantly more p53 protein (d). Statistical 
significance (p < 0.05) is indicated by the *  
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Figure 4. Severe hypoxia and malnutrition induced cell apoptosis in human scar-derived fibroblasts.  
Cellular morphology was determined by culturing human scar-derived fibroblasts (HSFs) under hypoxic, 
malnourished or both hypoxic and malnourished conditions (a, c). Apoptosis was also investigated using the 
TUNEL assay after treatment with the same conditions (b, d). Nuclei of apoptotic are stained green and 
indicated by the arrows, whereas all other nuclei are stained blue and the scale bar represents 50 µm.  
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